Chloride (Cl Ϫ ) homeostasis is critical for many cell functions including cell signaling and volume regulation. The action of GABA at GABA A receptors is primarily determined by the concentration of intracellular Cl Ϫ . Developmental regulation of intracellular Cl Ϫ results in a depolarizing response to GABA in immature neocortical neurons and a hyperpolarizing or shunting response in mature neocortical neurons. One protein that participates in Cl Ϫ homeostasis is the neuron-specific K (Krnjevic and Schwartz, 1967; Dreifuss et al., 1969) . Subsequent studies in vitro showed that both GABA responses and IPSPs reverse near the expected chloride (Cl Ϫ ) equilibrium potential and are blocked by bicuculline, suggesting mediation by GABA A receptors (GABA A Rs) (Weiss and Hablitz, 1984; Howe et al., 1987) . The main permeant ion of GABA A receptor channel complexes is Cl Ϫ , although permeability to bicarbonate ions has been demonstrated (Bormann et al., 1987; Kaila et al., 1993) . The membrane potential and the transmembrane gradients of permeant ions determine ionic flux through the GABA A receptor. In most mature neurons, the resting potential is close to the Cl Ϫ equilibrium potential, and activation of GABA A Rs results in shunting inhibition (Andersen et al., 1980) , 1997; Rivera et al., 1999; Williams et al., 1999) . The expression of this transporter increases with development and is believed to support the developmental changes in GABA A Rmediated signaling (Lu et al., 1999; Rivera et al., 1999) . (Payne, 1997) . A consequence of such a mechanism would be the accumulation of [Cl Ϫ ] i , a phenomenon consistent with activity-dependent decreases in GABAergic inhibition (Thompson and Gähwiler, 1989a; Ling and Benardo, 1995) .
The principal inhibitory neurotransmitter in the neocortex is GABA. Early studies in vivo demonstrated that fast IPSPs and responses to iontophoretically applied GABA have similar reversal potentials and ionic sensitivities (Krnjevic and Schwartz, 1967; Dreifuss et al., 1969) . Subsequent studies in vitro showed that both GABA responses and IPSPs reverse near the expected chloride (Cl Ϫ ) equilibrium potential and are blocked by bicuculline, suggesting mediation by GABA A receptors (GABA A Rs) (Weiss and Hablitz, 1984; Howe et al., 1987) . The main permeant ion of GABA A receptor channel complexes is Cl Ϫ , although permeability to bicarbonate ions has been demonstrated (Bormann et al., 1987; Kaila et al., 1993) . The membrane potential and the transmembrane gradients of permeant ions determine ionic flux through the GABA A receptor. In most mature neurons, the resting potential is close to the Cl Ϫ equilibrium potential, and activation of GABA A Rs results in shunting inhibition (Andersen et al., 1980) ; i.e., activation of GABA A receptors with minimal net ionic flux results in decreased excitability. If the neuron is depolarized relative to the Cl Ϫ equilibrium potential, GABA A receptor activation results in an inward flux of Cl Ϫ that hyperpolarizes the neuron. Immature neocortical neurons have an elevated [Cl Ϫ ] i , and GABA A R activation results in a depolarizing response to GABA (Owens et al., 1996) .
Electroneutral cotransport of Cl Ϫ ions plays a critical role in [Cl Ϫ ] i homeostasis (see Alvarez-Leefmans, 1990; Kaila et al., 1993) . One mechanism for accumulating Cl Ϫ is the Na
Ϫ cotransporter (NKCC) (Kakazu et al., 1999) . The primary Cl Ϫ extrusion mechanism is K ϩ -Cl Ϫ cotransport (Alvarez- Leefmans, 1990) . A neuron-specific form of the ubiquitous K ϩ -coupled Cl Ϫ cotransporter (KCC2) has been characterized recently (Payne, 1997; Rivera et al., 1999; Williams et al., 1999) . The expression of this transporter increases with development and is believed to support the developmental changes in GABA A Rmediated signaling (Lu et al., 1999; Rivera et al., 1999) . (Payne, 1997; Jarolimek et al., 1999 ; see also Kakazu et al., 2000) . A role for KCC2 in maintaining [K ϩ ] o , i.e., that KCC2 could lower [K ϩ ] o by cotransport of K ϩ and Cl Ϫ ions into neurons, has also been proposed (Payne, 1997) . A consequence of such a mechanism would be the accumulation of [Cl Ϫ ] i , a phenomenon consistent with activity-dependent decreases in GABAergic inhibition (Thompson and Gähwiler, 1989a; Ling and Benardo, 1995) .
In the present study, we tested the hypothesis that developmental changes in the expression of KCC2 result in the coupling of [ 
MATERIALS AND METHODS
Brain slice preparation, maintenance, and electrophysiolog ical recording. Animals were housed and handled according to approved guidelines. Brain slices were prepared from postnatal day 3 (P3) to P6 and P18 to P28 animals. Rats were anesthetized with ketamine (100 mg/kg) before decapitation. Whole-cell voltage-clamp recordings were made from visually identified neocortical pyramidal cells in layer II / III. C ells were identified by their distance from the pial surface, pyramidal shape, and the presence of a prominent apical dendrite. Recordings were made at 30°C and at a holding potential of Ϫ70 mV. Pipettes were pulled from 1.5 mm glass capillaries (KG-33; Garner Glass Company). They had resistances of 2-4 M⍀ when filled with the intracellular solution. Series resistance (Rs) was caref ully monitored throughout each experiment by the use of a small hyperpolarizing voltage step applied before each acquisition (see Fig. 1 A, inset) . The peak of the capacitative transient was used to estimate series resistance (equal to the instantaneous current divided by the voltage step: Rs ϭ Ipeak/Vstep). Only recordings with stable Rs (Ͻ20 M⍀ with Ͻ5 M⍀ change in 20 min) were used in the analysis.
The internal solutions contained (in mM): 135 K-gluconate, 5 EGTA, 10 H EPES, 2 MgATP, 0.2 NaGTP, and 0.2 C aC l 2 . KC l was substituted for K-gluconate to arrive at the desired C l Ϫ concentration. The pH was adjusted to 7.3 with 1 mM KOH and HC l such that the final added C l Ϫ concentration equaled 1, 20, or 40 mM and the final [K ϩ ] i was always 150 mM. Sucrose was added to achieve a final osmolarity of 300 mOsm. Liquid junction potentials for all solutions were measured, and all voltages reported are corrected values (Neher, 1992) .
During recording, slices were continuously perf used with the storage saline listed above with the addition of 0.5 M TTX (C albiochem) to block Na ϩ -dependent action potentials, 2-5 mM kynurenic acid (Tocris) to block ionotropic glutamate receptors, and 10 M SCH50911 (Research Biochemicals, Natick, M A) to antagonize GABA B receptors. E xtracellular K ϩ was varied by making K ϩ -free saline and adding 1, 3.5, or 10 mM KC l. Saline containing 1 mM f urosemide was sonicated for 30 min and then oxygenated for at least 30 min before bath application. All drugs (except GABA) were bath applied, and each cell served as its own control. Bath temperature was maintained at 30°C by the use of an in-line heating unit (Warner Instruments). Whole-cell and excised patch recordings (Sakmann and Neher, 1995) were made with an Axopatch-1B amplifier. No series resistance compensation was used. Recordings were digitized at 5-10 kHz by the use of a Digidata 1200 data acquisition system and C lampex software (Axon Instruments). Data analysis was performed with custom scripts written for Origin Pro (Microcal Software). All averages are reported as the mean Ϯ SEM. A Student's t test was used to determine significance ( p Ͻ 0.05).
Pressure application of GA BA. Under direct visual guidance, GABA (250 M or 1 mM) was pressure applied to the soma of the recorded neuron or to excised patches. Pipettes for pressure applications were fabricated in the same manner as patch electrodes described above. GABA was applied in a solution consisting of (in mM): 125 NaC l, 3.5 KC l, 20 H EPES, and 10 glucose; pH is 7.3 with NaOH. Pressure applications were controlled by the use of a Picospritzer II (General Valve, Fairfield, NJ). Pulses of 5-15 msec were delivered at 3-12 psi. These settings were kept constant during recording. Application of the pressure pipette solution without GABA did not evoke a detectable current (n ϭ 3).
Reverse transcription-PCR. The methods used for determination of mRNA in single neurons have been described (Poth et al., 1997; Devay et al., 1999) . In brief, cytoplasm and pipette solution (ϳ6 l) were reverse transcribed in a 20 l reaction (1 hr at 37°C) containing 1 mM each dN TP, 100 pmol of 18-mer polyT, 20 U of RNase inhibitor, and 40 U of AM V reverse transcriptase. Sets of specific primers were constructed such that the annealed products crossed at least one intron /exon boundary, excluding the possibility of amplification of genomic DNA. PCR reactions (50 l) contained aliquots of the reverse transcriptase (rt) product, 1 mM dN TPs, 2.5 mM MgC l 2 , 10 pmol of each forward and reverse primer, and 5 U of Taq polymerase. The PCR cycling parameters were as follows: 5 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min followed by 35 cycles of 94°C for 1 min, 65°C for 1 min, and 72°C for 2 min. The reaction products were then spun through C entriSep columns to remove excess primers and subjected to reamplification (one or two additional amplification steps) by the use of 35 cycles of 94°C for 1 min, 65°C for 1 min, and 72°C for 2 min. Final reaction products were purified by phenol /chloroform extraction. The PCR products were subjected to analysis on 2% agarose gels. rt-PCR was performed without knowledge of the age of the animal or the contents of each centrif uge tube (control extracellular solution or intracellular harvest).
The primers for the experiments were as follows: actin (GenBank accession number L08165) sense, ATC TTTC TTGGGTATGGA, and antisense, ACATC TGC TGGAAGGTGG; KCC2 (GenBank accession number AJ011033) sense, GCAGAGAGTACGATGGCAGG, and antisense, CGTGCCAAGGATGTACATAGC.
Intracellular chloride calculation. [C l Ϫ ] i was calculated from the reversal potential of GABA-evoked currents. C ells were voltage-clamped to Ϫ70 mV and stepped to various test potentials. The series resistance (estimated from the peak transient during a 10 mV test pulse given before each trial) and the amplitude of the current (before baseline correction, see Fig. 1 A, inset) 100 -200 msec from the time of the pressure application were used to calculate the voltage error caused by uncorrected series resistance errors. The baseline current (taken 20 msec before the time of the pressure pulse) was subtracted from the absolute current amplitude (see Fig. 1 A, baselinecorrected traces). These values were plotted as a f unction of the series resistance-corrected membrane potential (see Fig. 1 B) . The three consecutive data points whose sum was closest to zero current were selected for a linear fit. The x-axis intercept ( y ϭ 0) of this fit was verified by eye and referred to throughout this paper as the reversal potential (V rev ). [C l Ϫ ] i was calculated from the reversal potential by the use of a derivation from the Nernst equation:
[C l Ϫ ] o was set to the extracellular C l Ϫ concentration, corrected for activity (Robinson and Stokes, 1959) (Bormann et al., 1987) . We did not account for a bicarbonate component of the GABA A current because our results suggest that bicarbonate does not contribute significantly to the whole-cell currents under our recording conditions. When 1 mM Cl Ϫ was included in the pipette, the reversal potential of GABA A -mediated currents was depolarized relative to the reversal potential obtained in excised patches (see Fig. 2 A) . This result is consistent with a bicarbonate efflux caused by 20 mM intracellular bicarbonate and a permeability ratio of 1:5 (HC O 3 Ϫ /C l Ϫ ). However, lowering [K ϩ ] o and cotransport antagonism with f urosemide both lowered the reversal potential to values similar to those obtained in excised patches (see Results). Because these types of manipulations are not expected to affect intracellular bicarbonate, changes in V rev are attributed to alterations in C l Ϫ and K ϩ -Cl Ϫ cotransport. Another source of error was the purity of the compound providing the primary anion in the internal solution. We obtained potassium-Dgluconate, "puriss" grade, from Fluka. Other sources of the potassium salts of isethionate (Eastman Kodak) and methylsulfate (J. T. Baker Chemical Company) resulted in reversal potential measurements indicative of 10 -15 mM internal C l Ϫ when no C l Ϫ had been added to the pipette solution. This suggests that these compounds were contaminated with significant amounts of chloride (or another substance permeable through GABA A receptors). It has also been reported that gluconate can pass through GABA A channels (Barker and Harrison, 1988) . Our results with excised patches demonstrated an effective concentration of pipette C l Ϫ of 2.06 Ϯ 0.16 mM when only 1 mM KC l was added. Assuming that this difference from added C l Ϫ is caused solely by gluconate permeability, the relative permeability of gluconate to C l Ϫ is ϳ0.008.
RESULTS

Disparity between pipette chloride and calculated intracellular chloride
We assessed the intracellular Cl Ϫ concentration of neocortical pyramidal neurons by measuring the reversal potential of GABA A receptor-mediated currents. Responses to pressure application of 250 M GABA are shown in Figure 1 A. The pipette Cl Ϫ concentration was 1 mM in this recording. The inset illustrates the currents evoked by the voltage step protocol and local pressure application of GABA. The currents are shown superimposed on a faster time base after zeroing the baseline currents. GABA response amplitude was measured 100 -200 msec after the pressure pulse, at the time indicated by the vertical dotted line. Response amplitude is plotted as a function of membrane potential in Figure 1 B (squares). After correction for the series resistance error (circles), the reversal potential was calculated from a linear fit to the three consecutive data points closest to zero current (dotted line). This indicated a V rev of Ϫ89.9 mV, Ͼ30 mV depolarized from the expected value of Ϫ121 mV calculated for 1 mM [Cl Ϫ ] i . The observed discrepancy in V rev implies the existence of a homeostatic mechanism that regulates [Cl Ϫ ] i . To test this hypothesis and to determine whether such a mechanism is developmentally regulated, measurements of V rev were made in P3-P6 and P18 -P28 animals at various pipette Cl Ϫ concentrations. Reversal potentials determined for each of these experimental conditions, at a [K ϩ ] o of 3.5 mM, are shown in Figure 2 A. The mean reversal potentials for the three pipette chloride concentrations are shown for recordings from P18 to P28 (white circles) and P3 to P6 ( gray triangles) neurons. This plot also shows the theoretical relationship between [Cl Ϫ ] i and the reversal potential (solid line). In whole-cell recordings with 1 mM pipette chloride, the reversal potential in both P3-P6 and P18 -P28 neurons was always more depolarized than the value predicted from the Nernst equation. This implies the existence of a Cl Ϫ accumulation mechanism in both groups. At higher pipette chloride concentrations (20 and 40 mM) the measured reversal potential was consistently below the predicted reversal potential, consistent with a Cl Ϫ extrusion mechanism.
We also estimated reversal potentials in excised patches, reasoning that the large volume of the pipette solution should minimize the effects of Cl Ϫ homeostatic mechanisms residing in the small patch of membrane in the pipette tip. The reversal potentials from excised patches were closer to values calculated from the expected pipette [Cl Ϫ ] than to those obtained in whole-cell recordings, as shown in Figure 2 A (black squares) . Also, the reversal potentials in excised patches were insensitive to manipulations that effected KCC2 function in whole-cell recordings (changes in Figure 3B .
In previous studies, raising extracellular potassium inhibited Cl Ϫ extrusion (Thompson et al., 1988a,b; Thompson and Gähwiler, 1989b) . Payne (1997) (Fig. 4) . Lowering [K ϩ ] o to 3.5 mM in the presence of furosemide made the reversal potential more negative (Fig. 4) , approaching levels observed with excised patches. This effect was reversible. In furosemide and 1 mM pipette Cl Ϫ , both the reversal potential (Ϫ93. Figure 5B . When recordings were made with 1 mM pipette Cl Ϫ , lowering [K ϩ ] o to 1 mM produced a Ϫ12.7 Ϯ 2.3 mV (n ϭ 5) change in reversal potential, 
Developmental regulation of KCC2 function and expression
Previous studies have indicated that KCC2 expression is developmentally regulated (Lu et al., 1999; Rivera et al., 1999) . We tested the hypothesis that the reversal potential of Cl Ϫ currents in neurons lacking KCC2 would be relatively insensitive to changes in Figure 6 A shows the lack of effect of changes in [K ϩ ] o on the Cl Ϫ reversal potential in a P3 animal. The reversal potential immediately after establishment of whole-cell recording with 20 mM pipette Cl Ϫ reached a value near Ϫ49 mV. Only minimal changes in the reversal potential were subsequently observed. In P3-P6 neurons, neither raising [K ϩ ] o to 10 mM (n ϭ 3) nor lowering [K ϩ ] o to 1 mM (n ϭ 3) had any significant effect on the reversal potential for GABA responses (Fig. 6 B) , consistent with a lack of expression of KCC2. Comparison of the reversal potentials in 3.5 mM [K ϩ ] o between P3-P6 and P18 -P28 neurons provides further support for reduced function of KCC2 in neonates. As shown above in Figure 2 A , these values were significantly higher in P3-P6 than in the older neurons ( p Ͻ 0.002). These results suggest that KCC2 does not substantially contribute to Cl Ϫ homeostasis in P3-P6 neocortical neurons. The physiological data presented above are consistent with a developmental role of KCC2 in chloride homeostasis and suggest the hypothesis that KCC2 expression levels will be reduced in P3 neurons compared with P25 neurons. To test this hypothesis, we examined KCC2 mRNA levels in P3 and P25 neurons using singlecell rt-PCR procedures (Fig. 6C ). KCC2 mRNA was detected in all P25 neurons including pyramidal cells and interneurons. However, only one of four P3 neurons showed detectable levels of KCC2 mRNA. The presence of KCC2 in all P25 cells was unlikely to be caused by contamination during the rt-PCR procedure because control samples in which the cell cytoplasm was not harvested failed to reveal KCC2 mRNA expression. To ensure that the lack of KCC2 mRNA expression in P3 neurons was not caused by a failure to detect all mRNAs during the rt-PCR process, we examined, in the same sample, the expression of actin mRNA (Fig. 6 D) . Actin mRNA was detected in all P3 and P25 cells. The actin controls also allowed for the semiquantitative analysis of KCC2 levels in the one P3 neuron expressing KCC2 mRNA. The amount of KCC2 mRNA in the P3 neuron (relative to actin mRNA measured in the same cell) was 14% of that in P25 neurons. These data show that the developmental changes in K 
Functional consequences of thermodynamic driving forces for cotransporters
The results presented above support the role of KCC2 in both accumulation and extrusion of Cl Ϫ under physiological conditions. To determine whether this action of KCC2 is consistent with the chemical forces acting on the transporter, we used a theoretical model to predict the thermodynamic driving forces as a function of
The direction of transport of an electroneutral cotransporter is governed by the chemical potentials of the ions transported [derived from Stein (1990) , Eq. 2.3]:
where n is the number of different ion species transported (KCC2, n ϭ 2; NKCC, n ϭ 3), m j is the number of molecules transported for each species (for NKCC, m C l ϭ 2; m ϭ 1 otherwise), [X j ] in and [X j ] out are the concentrations of ion species j inside and outside the cell, and RT is the product of the gas constant and absolute temperature. The thermodynamic driving force ( U) is plotted in Figure 7 for two chloride cotransporter subtypes: NKCC and KCC2. The direction of transport in NKCC is relatively insensitive (Fig. 7, gray shaded region) .
DISCUSSION
Our results demonstrate the existence of a powerful homeostatic mechanism that maintains intracellular Cl Ϫ concentration. Despite whole-cell dialysis with the low Cl Ϫ pipette solution, K ϩ -Cl Ϫ cotransport activity raised the calculated intracellular Cl Ϫ concentration by 0.7-1.6 mM. This is a net change in Cl Ϫ concentration; in light of the continuous dialysis of the cell with the low Cl Ϫ pipette solution, it is likely that the pumps were accumulating substantially more than ϳ1 mM chloride. Likewise despite elevated pipette Cl Ϫ concentrations, reversal potentials indicated intracellular Cl Ϫ concentrations well below those calculated from excised patches. This implies that the pumps were extruding at least several millimolar Cl Ϫ . It is unlikely that NKCC, the pump traditionally associated with Cl Ϫ accumulation, plays a role under these recording conditions because both lowering extracellular potassium (affecting only K ϩ -Cl Ϫ cotransport) and cotransport antagonism with furosemide (affecting both NKCC and K ϩ -Cl Ϫ cotransport) lowered intracellular Cl Ϫ to levels similar to those obtained in excised patches. This surprising result suggests that K ϩ -Cl Ϫ cotransport function alone is sufficient for the homeostatic maintenance of intracellular Cl Ϫ ; i.e., under these recording conditions, K ϩ -Cl Ϫ cotransport is both the primary extrusion and accumulation mechanism in mature neocortical neurons.
Bicarbonate flux has been proposed to be a major contributor to GABA A receptor function (Kaila et al., 1993; Staley and Proctor, 1999) . Our initial finding that the reversal potential with low pipette Cl Ϫ was much more depolarized than those obtained in excised patches could be interpreted to reflect a strong bicarbonate flux (see Materials and Methods). However, when Cl Ϫ accumulation via K ϩ -Cl Ϫ cotransport was reduced by lowering extracellular potassium or by cotransport antagonism with furosemide, the reversal potentials were no longer significantly different from those of excised patches, which lacked a bicarbonate component. These manipulations of extracellular potassium and cotransport antagonism are not expected to modify intracellular or extracellular bicarbonate. These results support the contention that the depolarized reversal observed with low pipette Cl Ϫ was caused by Cl Ϫ accumulation via K ϩ -Cl Ϫ cotransport and not by an unmasked bicarbonate efflux. Bicarbonate can be an important component of GABA responses (Kaila et al., 1993 (Kaila et al., , 1997 Staley and Proctor, 1999) ; however, under the present recording conditions bicarbonate did not appear to play a major role in determining the response to GABA. A lack of a bicarbonate contribution to depolarizing GABA responses in hippocampal pyramidal cells has also been reported (Grover et al., 1993) . ] o had no effect in this example recording from a P3 neuron with 20 mM pipette Cl Ϫ . B, The mean changes in reversal potential and calculated [Cl Ϫ ] i were significantly less than those observed in P18 -P28 neurons. Data from both 1 and 20 mM pipette Cl Ϫ were pooled. C, Single neurons were analyzed from neocortical slices of P3 or P25 rats. rt-PCR, as described in Materials and Methods, was used to amplify a specific KCC2 fragment from pyramidal neurons or interneurons. Control lanes ( C) refer to rt-PCR performed on samples taken by aspirating extracellularly within the slice. D, Cell contents from several of the cells in C were subjected to rt-PCR amplification of both KCC2 and actin. 
